Abstract GspE is an important component of the type II secretion system (T2SS) in Gram-negative bacteria that supplies energy for the process of protein secretion.
Introduction
Xanthomonas campestris pathovar campestris (Xcc) is the causative agent of black rot disease in cruciferous plants [27] . Like other pathogenic bacteria, Xcc produces an array of extracellular enzymes such as cellulase, protease, pectinase, and amylase, which collectively contribute to virulence [5] . Xcc has evolved different regulatory mechanisms governing the expression of virulence-related genes. A cluster of genes, composed of rpfA-G and designated the rpf (regulation of pathogenicity factors) gene cluster, regulate the synthesis but not the secretion of extracellular enzymes and polysaccharides [23, 26] . The cyclic AMP receptor protein-like protein (Clp) as a global transcription regulator is involved in regulation of several virulence factors. Mutation in clp causes significant reduction of extracellular enzymes, pigments, and xanthan gum with the concomitant loss of virulence [3] . The flagellin gene, flic, and the heat shock groESL genes are also controlled by Clp [1] .
Transport of hydrolytic enzymes through the outer membrane in Gram-negative bacteria is mainly dependent on the type II secretion system (T2SS). The T2SS apparatus in Xcc is composed of 12 components to form the secretion machinery [6] . Among them, XpsE, the only member that possesses a nucleotide-binding Walker A motif, belongs to a secretion NTPase superfamily [13] . In Xcc, ATP binding to XpsE in the T2SS triggers XpsE oligomerization and its association with XpsL [22] . Mutation of the xpsE gene abolishes secretion of extracellular enzymes from periplasm to extracellular space and reduces virulence of Xanthomonas oryzae pv. oryzae [24] . Although XpsE is a key component of the multi-protein complex of T2SS, its regulation is still unclear. In this study, we provide evidence that the xpsE gene was upregulated by Clp, which might exert its function through direct binding to the upstream region of the xpsE gene.
Materials and Methods
Bacterial Strains, Plasmids, and Culture Conditions Xcc strains were grown at 28°C in NYGB medium or in minimal medium [2] . Escherichia coli strain DH5a was grown at 37°C in Luria-Bertani (LB) broth. Antibiotics were used when necessary, and their respective concentrations were as follows: ampicillin, 100 mg L -1 ; kanamycin, 50 mg L -1 ; spectinomycin, 50 mg L -1 .
Promoter Activity Assay
The xpsE promoter region was amplified by polymerase chain reaction (PCR) using primers XEP1/XEP2. The 451-bp PCR product was cloned into pGEM-T Easy (Promega, Madison, WI) for sequence verification. It was further cloned into the upstream region of the ß-glucuronidase (uidA) gene of plasmid pBI121 [11] using Xba1 and SmaI restriction sites. The plasmid was digested with EcoRI and XbaI and ligated into pHM2 [21] , a broad-host-range cosmid vector to give the construct pHMPxpsE, which was introduced by electroporation into wild type (WT) 8004 and the mutant strain XC472. The resulting strains were grown overnight in NYGB medium. Samples were taken in triplicate at intervals and GUS activity was assayed as described [11] .
Preparation of Anti-XpsE Antiserum and Immunoblot Analysis
The coding sequence of the xpsE gene was amplified by PCR using xpsE gene-specific primers XEA1/XEA2. The 1.74-kb PCR product was sequenced for verification and cloned into pDEST17 of the Gateway protein expression vector (Invitrogen, Carlsbad, CA). This resulted in the recombinant plasmid pDE17FxpsE for protein expression. Purification of the resulting His-tagged XpsE protein was performed using Ni + -NTA agarose (Qiagen, Chatsworth, CA). One rabbit was immunized with purified XpsE protein. Immunoblot analysis using the XpsE antibody (1:50,000) was performed as described [16] with a small modification; ECL chemiluminescent reagents (Applygen, Beijing, China) were used to visualize the blots. Western blot analysis of endoglucanase was performed as described [7, 24] .
Construction of the Overexpresssion clp Plasmid
A DNA fragment corresponding to the clp gene was isolated by PCR using specific primers CPO1/CPO2. The PCR product was cloned into pMD18-T (Takara, Dalian, China) to get pMD18clp for sequence confirmation, then was digested with EcoRI and SalI and subcloned into pHM1 [28] to give plasmid pHM1clp.
Enzyme Activity Assay and EPS Quantification
Endoglucanase activity was monitored using the DNS method [18] with 1% (wt/vol) of carboxymethyl cellulose (CMC, Sigma) as the substrate. One unit of endoglucanase activity was defined as the amount of enzyme that liberates 1 lg reducing sugar per minute in the assay conditions. EPS determinations were carried out as described [17] ( Table 1) .
Clp Protein Renaturation and Purification
The gene encoding Clp was isolated by PCR using the primers CPA1/CPA2. The Gateway protein expression system was used to construct the recombinant expression vector pDE17clp, which was then introduced into E. coli strain BL21-AI. Expression of Clp protein formed inclusion bodies in denatured form and then renatured by the dilution method as described previously [19] . After renaturation, Ni + -NTA agarose was used to purify the 6x Histagged Clp protein following the supplier's instructions. The fractions containing the recombinant protein were dialyzed against a solution containing 50 mM potassium phosphate pH 7.0, 0.5 M KCl, 1 mM EDTA, 0.2 mM DTT, and 5% glycerol overnight and then concentrated using 3000 molecular weight cutoff centrifugal filter devices (Millipore, Bedford, MA). Proteins were stored at -20°C until further use. 
The probes for EMSA were obtained by PCR amplification using 5 0 -end biotin-labeled primers EXE1/EXER (probe A), EXE2/EXER (probe B), EXE3/EXER (probe C), and EPR1/ EPR2 (prt1 probe). The procedures for EMSA experiments were conducted as described [9] with the exception that a 6% polyacrylamide gel was used for separation of the DNAprotein complex. The LightShift TM Chemiluminescent EMSA kit (Pierce, Rockford, IL) was used for detection. Photographs were taken using a CCD camera.
Results and Discussion

Mutation of the clp Gene Affected Transcription of xpsE
We previously constructed a Tn5-based transposon randomly insertional mutant library of strain Xcc 8004 [25] . A mutant XC472 was identified for reduced virulence on cabbage with a Tn5 transposon insertion at the coding sequence of the clp gene [20] . Reverse transcription (RT)-PCR analysis using RNA isolated from XC472 and primers specific to the xpsE coding sequence indicated that transcription of the xpsE gene in the clp mutant was reduced significantly (data not shown). To further prove the impact of the clp mutation on xpsE, the promoter region of xpsE was fused with the uidA gene and introduced to WT and XC472, respectively. GUS activity assay revealed that xpsE promoter activity in XC472 was significantly reduced compared to that in WT, showing 1-to 2-fold reduction at different levels of growth (Fig. 1) . Immunoblotting of total cellular proteins using an anti-XpsE antibody showed that mutation of clp affected XpsE production, although the level of XpsE in the clp mutant was still detectable (Fig. 2A) . Our data suggest that Clp is required for full expression of xpsE in Xcc. It was also noted that mutation of clp did not totally abolish XpsE production, implying that another regulation system may exist in regulation of xpsE gene expression in Xcc.
Overexpression of the clp Gene Enhanced Production of XpsE and Extracellular Virulence Factors
To further explore the function of Clp on the production of XpsE, the clp gene controlled by the lacZ promoter was introduced into WT and XC472 to create WTM and XC472C, respectively. Western blot analysis showed that the amount of XpsE protein was increased in WTM and XC472C in comparison with that of WT ( Fig. 2A) . A clp mutant has been reported to attenuate in production of extracellular factors [3] . Assay of endoglucanase and EPS indicated that these two main virulence factors were significantly reduced in XC472. This was consistent with previous report that EPS and endoglucanase decreased significantly in clp mutant [3] . However, the activity of endoglucanase was 145% and 126% in XC472C and WTM, respectively, compared to that of WT (Fig. 2C) . Yield of EPS was 166% and 153% in XC472C and WTM, respectively, compared to that of WT (Fig. 2D) . Western blot analysis using an anti-engXCA antibody further indicated that extracellular endoglucanase was increased in strains WTM and XC472C (Fig. 2B) . These results together also imply that T2SS structural gene xpsE and endoglucanase gene engXCA are coordinately regulated by Clp in Xcc. The increased expression of XpsE in parallel with increased endoglucanase and EPS might enhance the pathogenicity of Xcc. However, the leaf symptoms caused by WTM and XC472C strains appeared 1-2 days later than the wild-type strain 8004 (data not shown). Clp regulates a large set of genes directly or indirectly [1, 3, 8, 9, 10] . Therefore, it is possible that in WTM and XC472C strains some unknown virulence genes were also downregulated to such low levels that the virulence of Xcc was affected. On the other hand, the overproduction of extracellular enzymes and EPS may also induce plant defense responses [12, 14] , which in turn delays the outbreak of black rot disease.
Clp Regulated Transcription of xpsE Gene Through Directly Binding to Its Regulatory Region
Clp usually regulates the synthesis of extracellular enzymes indirectly [1, 10] . However, a recent study has shown that Clp binds to a specific sequence within the Fig. 1 Effects of clp mutation on transcription of the xpsE gene in Xcc. GUS activity of bacterial cells was measured at different cell densities as indicated. GUS activity was expressed as pmol 4-MU per OD 600 per min. Data represent means ± SD of three experiments engXCA promoter [9] . The DNA sequence for Clp binding has been evaluated and found to be similar to that of the E. coli CRP-binding site (5 0 -AAATGTGA-TCTAGA-TCACATTT-3 0 ) [4] . This binding site is 22 bp in length and exhibits perfect twofold sequence symmetry, with the bold-type bases representing the left and right sites each for the binding of one subunit of the active CRP dimer [15] . To determine whether Clp regulates transcription of the xpsE gene directly, the upstream region of xpsE was searched for a CRP-consensus sequence. The database of CRP binding site sequences (http://arep.med.harvard.edu/ecoli_matrices/ crp.html) was used to derive a weight matrix through the Web site http://molbiol-tools.ca/Jie_Zheng/matrix.html. The matrix and the upstream sequence of xpsE were performed on (http://www.bioinf.man.ac.uk/*lockwood/ SitesInPastedDNA.html). A putative CRP binding site (5 0 AACGGTGC-N6-CCGCACCC3 0 ) was identified that centered at position -205.5 bp relative to the first nucleotide G of the xpsE translation start codon G * TG. This sequence shares 60% identity (bold-type letters among the innermost five bases in either arm) to the engXCA Clp binding site II (TTCTGTGG-N6-TCACACCA). It was suggested that the position of the center of the CRP-binding site varies from -40 to -200 from the transcript start site at different promoters [15] . However, the Clp binding site of xpsE is located far from its translation start codon compared to that of the engXCA gene, which has two Clp binding sites centered at -69.5 and -42.5 relative to transcription initiation site [9] . In order to authenticate this putative Clp binding site, EMSA was performed using purified Clp with a 500-bp DNA fragment (probe A) containing the putative binding sequence from the xpsE promoter (Fig. 3A) . To detect DNA-protein interaction, the DNA fragments used in the binding reactions were biotin labeled. The result showed that the mobility of this fragment was retarded (Fig. 3B) . Additionally, when various amounts of Clp were applied, a significant concentration-dependent increase in retarded band intensity was observed (Fig. 3B) . However, Clp did not cause a shift in the mobility of DNA containing the promoter region of the prt1 gene (Fig. 3B) , which is indirectly regulated by Clp [10] . Moreover, a specific competition assay also showed that addition of a 3-5 fold excess of unlabeled xpsE promoter fragments in the binding reaction buffer inhibited the retardation of the labeled fragment. These results indicated that binding of Clp to the xpsE promoter was specific. Furthermore, two shifted bands were observed in EMSA experiments, suggesting that Clp might form multimers.
In order to map the minimal binding site of Clp in the xpsE promoter, biotin-labeled probes B and C (Fig. 3A) were used. Probe B (-253 bp to +49 bp), which contained the shorter fragment, was able to form a protein-DNA complex (Fig. 3C) , indicating that region -253/+49 contained the complete sequence for Clp binding. Probe A formed two bands with 200 ng of Clp, while probe B demonstrated only one band at the same amount of Clp. These results suggest that the affinity of Clp for probes A and probe B is different. No DNA binding shifts were observed using probe C (-114 bp to +49 bp), which did not contain the putative Clp binding site. Taking these results together, it suggests that the region between -253 bp and -114 bp is required for Clp binding. Fig. 3 Gel mobility shift assay of xpsE promoter region. Position and size of each probe used in electrophoretic mobility shift assay was indicated from the translational start site (panel A). Different amounts of purified Clp protein were incubated with biotin-labeled probe A (panel B) and probe B (panel C). The 185-bp prt1 promoter region was used as the negative control. The amount of protein used in each reaction is indicated above each lane. Competition assay was performed by adding increasing amounts of unlabeled probes
